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of pelargonidin-3-glucoside-C'4. (7, 19, 20) , and chick embryos (14) . A glutamine synthetase which synthesizes glutamine from glutamic acid and ammonia, or glutamyl hydroxamic acid from glutamic acid and hydroxylamine, with adenosine triphosphate (ATP) as energy donor, has also been reported from various sources, including higher plants (5 synthetase preparations from pea seeds have been shown to have transferase activity even after purification of 1000-to 4000-fold (6, 18) . Levintow and coworkers (9) subjected a highly purified synthetase preparation from pea seed to ultracentrifugal analysis and showed that both synthetase and transferase activities were associated with a single monodisperse protein component. In preparations from several other sources, including pumpkin seedlings, they found a close association between synthetase and transferase. From this evidence it appears that the synthesis of glutamine and the exchange of the amide group are catalyzed either by a single enzyme or by 2 very closely associated enzymes. In view of the central role of glutamine in plant metabolism, it seemed desirable to learn something of the distribution of these enzymic activities in plants. If glutamyl transferase is of general importance in plant metabolism, or if it is in fact identical with glutamine synthetase, it should be widely distributed among plant species. If, on the other hand, it is found only in certain species, then the distribution might furnish the key to a role in some specialized phase of nitrogen metabolism. Cell fractionation appeared to offer a possibility of separating transferase and synthetase activities, since Webster (21) had reported glutamine synthetase to be associated primarily with the mitochondrial fraction of bean seedling homogenates.
This paper presents assays of glutamyl transferase activity in a number of species of plants and microorganisms, as well as data indicating that both transferase and synthetase activities are localized in the soluble cytoplasm, and that both behave similarly in isoelectric fractionation procedures.
METHODS
Glutamine synthetase and glutamyl transferase activities were measured by the enzymatic formation of glutamyl hydroxamic acid in the appropriate reaction mixture. Composition of the reaction mixtures varied somewhat from one experiment to another, and details are given with each table. Essentially, the transferase assay measured formation of hydroxamic acid from glutamine and hydroxylamine by an exchange reaction, while the synthetase assay measured the formation of hydroxamic acid from glutamic acid and hydroxylamine with ATP as a source of energy.
Glutamyl hydroxamate was assayed colorimetrically by means of the red chelated complex which it forms with ferric ion (10, 15) . One ml of 10 % trichloroacetic acid and 0.5 ml of a solution of 5 % FeCl3 * 6H,O in 95 % alcohol malde 0.1 N with respect to hydrochloric aci(d were added to the reaction mixture, which was then diluted to 10 ml and filtered. The absorbence of the filtrate was measured with a Klett-Summerson or Bausch and Lomb Spectronic 20 colorimeter, at 540 mu. Enzyme preparations from some plants were found to contain tannin-like substances which gave brown to greenish colors with ferric chloride. This interference could usuallv be eliminated by adding the trichloroacetic acid to the reaction mixture, diluting to 9.5 ml and filtering before adding the ferric chloride.
Glutamyl hydroxamic acidl synthesized by the nmethod of Roper and Mcllwain (13) was used as a standard. The synthetic material had a melting point of 152 to 1530 C, compared to a published value of 1550 C. It gave colorimeter readings which were consistent with those obtained with succinyl hydroxamate used previously as a standlard (8, 10. 17) . The colorimetric assay follows Beer's law up to at least 10 micromoles (E,M), and the components of the transferase system, in the quantities used, were shown not to interfere.
The investigation of glutamyl transferase distribution was carried out largely with acetone-dried materials as the source of the enzyme. In preparing these "acetone powders," plant materials were first washed in distilled water anti then homogenized for about 2 minutes in a Waring blendor with 5 to 10 volumes of acetone chilled initially to -10°C. The suspension was filtered by suction in a Biichner funnel. The residue was then waslhed in the funnel, twice with cold acetone, once with acetone at room temperature, and 2 to 3 times with ether (USP) at room temperature. The resulting powder was dried for a few minutes in the air to remove ether, and then left overnight in a vacuum desiccator over phosphorus pentoxide to remove remaining traces of moisture and solvents. Cell-free enzyme preparations and suspensions of microorganisms were poured, with stirring, into 5 to 10 volumes of cold acetone and handled in the same manner. The dry powders were stored at -10°C. in tightly capped jars. Acetone powders prepared in this way have been found highly active after 20 months of storage.
Acetone drying seems to have no harmful effects, except to reduce the solubility of the enzyme. On the other hand, it provides material which can be stored conveniently and is free of plant pigments, which otherwise interfere in the colorimetric analyses. In the case of the microorganisms tested, no transferase activity could be detected in fresh cell suspensions, while acetone powders were highly active. This difference in activity was presumably due to destruction of the plasma membrane by solvents. Etiolated pumpkin seedlings were used to test the stability of transferase activity to the drying procedure. Ninety to 100 % of the activity was retained in the acetone powder, but only 50 % of it could be extracted with water, whereas the original enzyme obtained from fresh plant material was completely water soluble. Extraction with 1 % sodium bicarbonate brought 67 % of the activity into solution. but no method could be found for completely extracting transferase activity from the powder. For this reason, assays were performed by adding 5 mg of powdler directly to each assay mixture. This amount of acetone powder was shown to have the same activity in assays as the equivalent amount of fresh extract.
For measurements of enzyme activity, a series of identical reaction mixtures, usually 3, was set up and allowed to react for different periods of time. A control, identical to the others but with glutamine omitted, was also included. The corrected readings were plotted against time, and the initial rate calculated in micromoles of glutamyl hydroxamate formed per hour.
Protein nitrogen was determined and used as a basis for comparison of activities. An appropriate sample of the acetone powder (usually 20 mg) was washed with 2 % trichloroacetic acid to remove nonprotein nitrogenous substances, and the residue was analyzed by the micro-Kjeldahl method. In some cases extracts or homogenates of fresh plant tissue were assayed. The same procedure was used, except that protein assays were generally made by a turbidometric method. An aliquot of the sample, containing 1 to 6 mg of protein, was diluted to 4.0 ml with water; 6.0 ml of 5 % trichloroacetic acidl were adlded, and the turbidity was measured immeldiately in an Evelyn colorimeter at 540 mn, against crystalline egg albumin as a standard. Table II shows transferase activities of the various organs of the pumpkin seedling. It will be noted that differences in protein content of the tissues account for a large part of the variation in activity. Table III shows similar data for older pumpkin plants. The tissues assayed here were all taken at the same time from the same plants. The young leaves were the 6th and 7th leaves above the cotyledons and were 2.5 cm or less in breadth. The old leaves consisted of the 3rd leaf above the cotyledons of each plant and were 10 to 12 cm broad. The cotyledons were 2 to 3 cm broad and apparently were still healthy and functional. No * Assay conditions were as described for table I, except no Antarox or sodium cyanide was used, and the volume was 2.0 ml. Hydroxylamine was added 20 minutes after the other components, and the complete system was allowed to react for 5 minutes. tone powvder. However, it does not seem likely that the relatively higher activity observed in the old leaves is due to their having a higher protein content than the young actively growing leaves.
Tables IV and V compare the intracellular localization of glutamine synthesis and glutamyl transfer activity in 4-day-old mung bean and 3-day-old pea seedlings. The cell components can be identified tentatively on the basis of the centrifugal force used to isolate them. Centrifugation at 500 X G removes primarily nuclei and cell wall debris. Centrifugation at 20,000 X G precipitates mitochondria and other particles of similar size, while 78,000 X G precipitates microsomes in addition to the larger particles. Fifteen minutes centrifugation at 20,000 X G was found to leave the supernatant liquid slightly cloudy in the fractionation of mung bean. Therefore a 21 ,500 X G (microsomes plus hyaloplasm). In peanut, centrifugation for 1 hour at 100,000 X G, to precipitate microsomes, left the transferase activity in solution. Glutamine synthesis activity of pumpkin seedlings seems to be very easily inactivated. Even in fresh homogenates, it could not be demonstrated consistently. Centrifugal fractionation of a pumpkin homogenate yielded high transferase activity, localized in the soluble fraction, but no significant synthetase activity in any of the fractions.
Previous work (17) indicated that the transferase activity of pumpkin seedling extracts was precipitated between pH 6.40 and pH 5.45. A similar fractionation was carried out with an extract from pea seedlings (the supernatant solution after 75 minutes centrifugation at 20,000 X G described above) to compare transferase and synthetase. No separation could be effected; although only 50 to 60 % of the activity vas recovered, both transferase and synthetase activities were found in the fraction precipitating between pH 5.45 and pH 4.80.
DiscuSSION
W\Tebster (21) has demonstrated glutamine synthesis with homogenates of 9 species of higher plants. The data presented here show that glutamyl transferase activity is also widespread. Of 43 species tested for activity, only 5 failed to give any positive test. The species tested were chosen to give a wide crosssection and represent 8 orders of angiosperms as well as selected gymnosperms, pteridophytes, and thallophytes. They include classical "asparagine plants" as well as "glutamine plants. " The activity figures presented in table I should be regarded as minimum values. A low or zero value for a species may reflect the physiological condition of the sample or inadequacy of the assay method for that species. There is ample evidence that the activity is influenced by such factors as mineral nutrition, age of the plant, and the particular organ teste!d. In addition, any preparation with low adenosine triphosphatase activity would have shown low transferase activity under the conditions employed. After a large portion of the species distribution study had been completed, it was shown that adenosine diphosphate (ADP), rather than ATP, is the active cofactor (ll). Apparently ATP is converted first to ADP, which then activates the system. Direct addition of ADP eliminates the lag period observed with ATP. Although the conditions employed gave maximum or nearly maximum activity with acetone powders of pumpkin seedlings, preparations from other plants might hydrolyze ATP more slowly, in which case the true transferase activity would be higher than shown here.
The data clearly demonstrate that glutamyl transferase activity is widespread in the plant kingdom and is not limited to any particular group of plants. There seems to be little doubt that the enzyme responsible for the transfer reaction is of general importance in plant metabolism. The greater transferase activity of mature leaves as compared to young, growing leaves is of interest, since one would expect tissues which are engaged in a rapid net synthesis of protein to have the highest rate of amide metabolism.
It was found here that both transferase and synthetase activities of pea seedlings and mung bean seedlings are localized in the soluble fraction of cell homogenates, corresponding to the amorphous cytoplasm.
This finding is consistent with the suggestion that both activities are functions of a single enzyme. It is not in agreement with Webster's report (21) that the glutamine synthetase of bean seedllings is localized in the mitochondria. The similar behavior of the 2 activities during isoelectric fractionation is also consistent with the 1-enzyme hypothesis. However, reported differences in metal specificity are difficult to reconcile with this hypothesis. Manganous ion is most effective in the transfer reaction (2, 6, 16, 17) , while magnesuim (6) or cobalt (3, 4) 
